Correction. In the article "Physical-chemical approach to 4. On page 4495, left-hand column, line 10, the sentence should begin "In ref. 4 ." In the same column, line 8 up from the bottom, the sentence should read "However, as was found experimentally by Goldman and Schauf, the values of rc are uniformly greater than the decay constants Th obtained from the declining portions of the curves in Fig. 1 ." On p. 4496, left-hand column, line 17, the symbol ARf should be ARF.
Correction. For the article "Nuclear magnetic resonance studies of the interaction of general anesthetics with 1,2-dihexadecyl-sn-glycero-3-phosphorylcholine bilayer" by D. D. Shieh, I. Ueda, H.-C. Lin, and H. Eyring, which appeared in the November 1976 issue of Proc. Nati. Acad. Sci. USA 73, 3999-4002, the following should be noted. The compound used to form the bilayer had hexadecanoic acid in ester linkage at glycerol carbons 1 and 2. According to the revised (1976) recommendations of the IUPAC-IUB Commission on Biochemical Nomenclature, the compound can be named 1,2-dihexadecanoyl-sn-glycero(3)phosphocholine. Communicated by David Nachmansohn, August 23, 1976 ABSTRACT A new method is proposed for analyzing the rapid transient current component (Na ions) in voltage clamp experiments on excitable membranes. The method is based on only two very general assumptions: the Na ion conductivity of an excitable membrane is determined by some general membrane parameter, the kinetic behavior of which is consistently described by the sum of only two simple exponential terms. A least square computer analysis for the data by L. Goldman A set of 10 normalized conductivity (equivalent to normalized membrane permeability) versus time curves are plotted in Fig. 1 . These curves have been calculated from data given by Goldman and Schauf in terms of Hodgkin-Huxley parameters (4) . As such, these curves are certainly good approximations to the actual experimental data which are not published in the necessary details. The curves in Fig. 1 show short lag times. Eq. 1 has no lag time and we conclude that p represents an element in some higher order structure in the membrane. Because gNa first increases and then decreases, there are thus two different times for which the membrane permeability parameter has the same value. Also, p must reach its maximum value at exactly the same time that the membrane conductivity has a maximum. Based on this correlation of gNa(t) and p(t), a special computer program was developed for obtaining the normal mode time constants Tl and r2 and the amplitude ratio 02/31 which describe each of the given conductivity curves with Eq. 1. With these three constants, it is possible to experimentally obtain the relationship between membrane conductivity gNa and p by comparing p(t) with the measured gNa (t) at the same time. It was found that the Hodgkin and Huxley parameters used for the Goldman and Schauf data can be exactly described by Eq. 1. Only the curves for -23 mV and -13 mV showed slight deviations (< 5%). The best possible functional relationship between Na conductivity and the membrane parameter was found to be the proportionality: [2] Only for the two cases of -23 mV and -13 mV is this relationship a more complicated cubic polynomial. However, to a good approximation, the relationship [2] can be used for all the curves shown in Fig. 1 suggest that some dissipative chemical process is responsible for the permeability changes (6) (7) (8) . Probably a control system functioning under conditions which are far removed from chemical equilibrium accounts for the observed electrical conductivity changes. By considering the present stage of knowledge on chemical composition and functional organization of excitable membranes, we can justify only a minimum parameter model for the electrical excitation process. Any detailed model for the permeability changes should be specified in a form that allows the individual aspects of the mechanism to be independently determined by other techniques. Recent voltage clamp experiments at synaptic parts of excitable membranes show that the time and the voltage (V) dependence of the ion conductivity g(t, V) of frog neuromuscular end plates are similar to gNa (t, V) of squid giant axons (9) . Together with other arguments (6-8), it seems possible that the molecular mechanisms for the control systems are very similar in both cases. We therefore use a control principle that has features in common with the proposal of Nachmansohn (6, 7) now widely applied to synaptic membrane reactions.
One fundamental characteristic of this control model is the association of a small neuro-activator molecule (A) with receptor macromolecules (R) embedded in the excitable membrane:
[3]
The permeability change (Na activation) is caused by the structural transition of the receptor complex AR 
df'/dt = (k2)f -(k32 + k=.f [7] Setting Eqs. [6] [7] equal to zero gives the time independent (steady state) fractions, fs, and f's, of bound receptors. Integration of Eqs. 6-7 yields:
[8] [9] B1, B2, C1, and C2 are constants dependent on the initial con-, and X2 =-1/T2 are given by the roots of the quadratic polynomial:
X2 + (k'u + k2l + km + k32 + k31)A + (k'12 + k2l + k23)-(k3l + k32)-(32k-'12) = 0. [10] The time to reach the maximum value of f' is tmax = (A1 -X2) l'ln(-C2X2/C1X1).
[ Fig. 3 . In summary, the apparent rate constants in Fig. 3 Calculation of Conductance Changes. Fig. 1 shows a comparison between the (reproduced) curves of Goldman and Schauf and the conductivity changes produced by the physical chemical model with the apparent rate constants derived from the general analysis of voltage clamp experiments. The constants of proportionality in Eq. 12 are obtained at tmax, where both the experimental and calculated conductivities are equal. The most pronounced deviation from an otherwise good agreement is the longer lag times that appear for the smaller membrane potentials. In ref. 3 (Fig. 9) , there is some suggestion of actually longer lag times than those resulting from the Hodgkin and Huxley parameterized Goldman and Schauf data.
Calculation of the h.-Parameter. In the Hodgkin and Huxley model, the parameter h is associated with the closing of membrane pathways (Na-inactivation), the time independent value being h.. Experiments proposed by Hodgkin and Huxley to measure h. were simulated with the rate constants in Fig. 3 . The results are shown in Fig. 2 . The h. values for a test pulse potential of +17 mV were used to infer the value of k23. For the other test pulse potentials, the h. curves are shifted in a manner similar to that found experimentally by Goldman and Schauf; (see Fig. 6 in ref. 10) . The shape of the calculated h. curve changes slightly as a function of the test potential, as observed experimentally. This shift is an intrinsic feature of our physical chemical model.
Simulation of Conditioning Experiments. Fig. 4 shows the results of a number of conditioning experiments simulated with our chemical model. The solid curves are calculated for an exponential process with a short delay (the curves do not extrapolate back to one at zero time) as found experimentally (10) . The decay constant, T, for the curves in Fig. 4 are plotted in Fig. 5 . The values of Tc from the experiments of Goldman and Schauf are greater than the Tm's calculated from our model, but, they both have a very similar shape (see Fig. 1 in ref. 10) . However, as was found experimentally by Goldman and Schauf are greater than the rc's calculated from our model, but, constant Th obtained from the declining portions of the curves in Fig. 1 .
Conditioning experiments similar to those in Fig. 4 , only with a membrane holding potential near 0 mV, have been reported by Schauf (I1) . The lag times were found to be much longer than those shown in Fig. 4 , but for long times the results could also be described by an exponential function. Fig. 1 and T, (upper curve) measured by conditioning experiments as simulated in Fig. 4 There is a large number of schemes in the literature which attempt to describe the Na ion behavior of excitable membranes under voltage clamp conditions (e.g., 1, 10-16). So far every specific reaction scheme reported involves restrictive assumptions which could be replaced by others and are often made before the actual experimental data are analyzed. It is thus difficult to decide objectively why some models reproduce the results of experiments better than others.
The receptor-activator model (6-8) specified in Eq. 5 is not unique, but it is able to reproduce every feature observed by Goldman and Schauf in their extensive voltage clamp experiments and is in good quantitative agreement with almost all details. Furthermore, the application of our model to Hodgkin and Huxley data produces values for the kinetic coefficients which are comparable to those derived from Goldman and Schauf data. The potential dependence of the most important rate constant, k23, is practically identical for both. The rather small differences in the other rate constants may be attributed to environmental factors such as the concentrations of various ions near the membranes, etc. Because both sets of data come from related species, the close similarity in the rate constants for the control system is not surprising. Goldman and Schauf present an extensive amount of evidence that suggests that the conductivity change is controlled by a single membrane parameter, as we have utilized in our model. With two independent parameters, the Hodgkin and Huxley model cannot describe some of the experiments by Goldman and Schauf (10, 11, 16) .
The behavior of the membrane parameter p used in the general analysis reflects a process that is occurring at the lowest level of organization in the control system. Because the conductivity is found to be not directly proportional to p [see Eq.
Biophysics: Rawlings and Neumann 2], there must be some structural organization at a higher level, a kind of basic excitation unit, which is directly responsible for the membrane conductivity (8) . A detailed description of such a higher level structure, of course, depends on the physical quantity represented by p. We have associated p with a particular receptor-activator configuration AR'. Using Eqs. 2 and 12, the dependence of membrane conductivity on the concentration of the high permeability configuration, f', can be calculated from the rate constants of the physical-chemical model. We find that this functional dependence is strongly influenced by membrane potential.
The sigmoidal dependence of k23 on membrane potential (Fig. 3) is certainly not produced by a simple dipole change or polarizability effect by itself. Some more complicated process must necessarily be present. One (ad hoc) possibility is that the closed state AR in Eq. 5 is replaced by the (very rapid) equi- constant that is also about 1 NM-. Furthermore, the activator's steady-state concentration is then approximately 1 MM. Concentrations of acetylcholine in this range have been found to affect the permeability of some excitable membranes. Recent kinetic data show that the association of acetylcholine with isolated receptors is indeed close to diffusion controlled (17) .
In view of the various similarities between synaptic and axonal parts of excitable membranes, it was suggested by Nachmansohn that the acetylcholine cycle is the general control system of bioelectricity (6, 7) . This proposal is at present the only one that is chemically specific and thus suggestive for independent experimental investigations.
Another characteristic of nerve excitation is a slower contribution to the ion currents, which is usually carried by K ions. An analysis of voltage clamp data of the K component in a manner similar to the method described here, together with a more detailed representation of the analysis of the rapid (Na ion) control system, will be submitted to the Journal of Membrane Biology.
